Øie CI, Olsen R, Smedsrød B, Hansen J-B. Liver sinusoidal endothelial cells are the principal site for elimination of unfractionated heparin from the circulation.
Øie CI, Olsen R, Smedsrød B, Hansen J-B. Liver sinusoidal endothelial cells are the principal site for elimination of unfractionated heparin from the circulation. Am J Physiol Gastrointest Liver Physiol 294: G520-G528, 2008 . First published December 6, 2007 ; doi: 10 .1152/ajpgi.00489.2007.-The mechanism of elimination of blood borne heparin was studied. To this end unfractionated heparin (UFH) was tagged with FITC, which served as both a visual marker and a site of labeling with 125 I-iodine. UFH labeled in this manner did not alter the anticoagulant activity or binding specificity of the glycosaminoglycan. Labeled heparin administered intravenously to rats (0.1 IU/kg) had a circulatory t1/2 of 1.7 min, which was increased to 16 min upon coinjection with unlabeled UFH (100 IU/kg). At 15 min after injection, 71% of recovered radioactivity was found in liver. Liver cell separation revealed the following relative uptake capacity, expressed per cell: liver sinusoidal endothelial cell (LSEC)-parenchymal cell-Kupffer cell ϭ 15:3.6:1. Fluorescence microscopy on liver sections showed accumulation of FITC-UFH only in cells lining the liver sinusoids. No fluorescence was detected in parenchymal cells or endothelial cells lining the central vein. Fluorescence microscopy of cultured LSECs following binding of FITC-UFH at 4°C and chasing at 37°C, showed accumulation of the probe in vesicles located at the periphery of the cells after 10 min, with transfer to large, evenly stained vesicles in the perinuclear region after 2 h. Immunogold electron microscopy of LSECs to probe the presence of FITC following injection of FITC-UFH along with BSA-gold to mark lysosomes demonstrated colocalization of the probe with the gold particles in the lysosomal compartment. Receptor-ligand competition experiments in primary cultures of LSECs indicated the presence of a specific heparin receptor, functionally distinct from the hyaluronan/scavenger receptor (Stabilin2). The results suggest a major role for LSECs in heparin elimination.
clearance; receptor-mediated endocytosis; fluorescence microscopy HEPARIN IS A NATURALLY OCCURRING anticoagulant synthesized and secreted by connective tissue mast cells (15, 53) . It is a mucopolysaccharide composed of alternating units of sulfated D-glucosamine and D-glucuronic acid. The esterified sulfuric acid component gives unfractionated heparin its acidic properties and electronegative charge. Unfractionated heparin (UFH) is heterogeneous with respect to molecular size, anticoagulant activity, and pharmacokinetic properties (30, 31) . Even though UFH has been important for prevention and treatment of both venous and arterial thrombosis for decades, the mechanism by which UFH is eliminated from the circulation is largely unknown. (47) and patients with liver cirrhosis (67) showed increased half life of intravenous UFH in the circulation, indicating that the liver plays a crucial role in UFH removal. Both in humans (12) and in animal models (rats and rabbits) (5, 7) , the plasma t 1/2 of heparin increased with dose. Whole body autoradiography of rats injected with tritiumlabeled heparin showed that the ligand was retained by the organs belonging to the reticuloendothelial system (RES), with the largest uptake in the liver (75) . However, little is known about the cells involved in the clearance of UFH from the circulation. In 1939, Asplund et al. (1) observed heparin in the "sternzelln" of the liver sinusoids of rabbits, rats, and guinea pigs, but not in liver parenchymal cells (PCs) following injection of single and repeated doses of heparin. Furthermore, repeated administration of heparin into normal and atherosclerotic rabbits was succeeded by heavy accumulation of the polysaccharide in Kupffer cells (KCs) and in endothelial-like cells lining the liver sinusoid (28) .
Studies in hepatectomized dogs
It is now well established that liver sinusoidal endothelial cells (LSECs) in mammals are the most important site for elimination of a variety of circulating physiological and nonphysiological soluble macromolecules (54, 64) . LSECs exert their scavenger function by receptor-mediated endocytosis, thereby representing an important member of the hepatic RES together with the liver macrophages, the KCs (58). The purpose of the present study was to elucidate the role of LSECs in the clearance of UFH both in vivo and in vitro.
MATERIALS AND METHODS
Experimental animals. Male albino rats, Sprague-Dawley (mean body wt 250 g), purchased from Scanbur (Sollentuna, Sweden), were kept under controlled animal room conditions at 21°C, relative humidity 55 Ϯ 10% and 12:12 light-dark cycle (0800 -2000 light) and fed a standard chow (Scanbur, Nittedal, Norway) ad libitum. For in vivo studies, anesthesia was induced with 4% Isofluran (Abbott Scandinavia, Solna, Sweden) and maintained at 2.1%. For in vitro studies, rats were anesthetized by subcutaneous injection of a mixture of Domitor, 0.4 mg/kg (Orion Pharma, Espoo, Finland) and Ketalar, 60 mg/kg (Pfizer, Lysaker, Norway). All experimental protocols were approved by the Norwegian Animal Research Authority in accordance with the Norwegian Animal Experimental and Scientific Purposes Act of 1986.
Chemicals. UFH (5,000 IU/ml) was obtained from Nycomed Pharma (Oslo, Norway). Carrier-free Na 125 I was from Perkin-Elmer Norge (Oslo, Norway), and 1,3,4,6-tetrachloro-3␣, 6␣-diphenylglycoluril (Iodogen) was from Pierce Chemical (Rockford, IL). Collage-nase P was from Worthington Biochemical (Lakewood, NJ). Human serum albumin (HSA) was from Octapharma (Ziegelbrucke, Switzerland). Culture medium RPMI 1640, supplemented with 20 mM sodium bicarbonate, 0.006% (wt/vol) penicillin, and 0.01% (wt/vol) streptomycin, was from GIBCO BRL (Roskilde, Denmark). PBS was prepared as follows: 8.0 g/l NaCl, 0.2 g/l KCl, 2.9 g/l Na 2HPO4 ⅐ 12 H 2O, and 0.2 g/l KH2PO4. Fluorescein isothiocyanate (FITC), bovine serum albumin (BSA), mannan (MANN), chondroitin 4-sulfate (CS-A), and chondroitin 6-sulfate (CS-C) were from Sigma (St. Louis, MO). Sephadex G-25 (PD-10 columns) and Percoll were from Amersham Biotech (Uppsala, Sweden). Acetylated LDL (Ac-LDL) was from Biomedical Technologies, Stoughton, MA. Formaldehyde-treated bovine serum albumin (FSA) was prepared as described (45) . Purified human IgG and high-molecular-weight hyaluronan (HA) were from Pharmacia, Uppsala, Sweden. Anti-Stabilin2 antibody (anti-rS2) was prepared as described (44) . Single collagen ␣-chains (COLLA) were obtained by incubation of native triple helical collagen (Vitrogen, Palo Alto, CA) for 60 min at 60°C. Human IgG (10 mg/ml) was heated for 30 min at 63°C to prepare aggregated IgG (AGG) (32) . Advanced glycation end products-modified bovine serum albumin (AGE-BSA) was prepared as described (29) .
Immunoreagents. FITC-UFH was localized on thawed cryosections by use of specific monoclonal FITC antibodies (18.6 g/l) from Boehringer Mannheim Biochemica, Mannheim, Germany. Rabbit anti-mouse IgG from Cappel Research Products (Durham, NC) was used as a bridging antibody. Protein A-gold was purchased from Cell Microscopy Center, Department of Cell Biology, University Medical Center Utrecht, The Netherlands. Colloidal gold (5 nm diameter) was prepared by the tannic acid method and coupled to 25 mg/ml BSA as described (55, 56) .
Labeling procedures. UFH (25 mg/ml) and BSA (0.5 g) were labeled with FITC as described (26) . To remove unbound FITC, the solutions were run on a PD-10 column, equilibrated, and eluted with phosphate-buffered saline (PBS). When compared with the unlabeled, starting material, the anticoagulant activity (as measured by the STA-Rotachrom Heparin kit from Diagnostica Stago, Asnieres-surSeine, France) of FITC-UFH was unchanged. FITC-UFH and FSA (0.1 mg/ml) in 0.1 ml PBS were labeled with carrier-free Na 125 I in a direct reaction employing Iodogen as oxidizing agent, as described (42) . Radiolabeled FITC-UFH and FSA and free iodine were separated by gel filtration on a PD-10 column equilibrated with PBS containing 1% HSA. The labeling method gave a specific radioactivity of 3-5 ϫ 10 6 cpm/g for both FITC-UFH and FSA. Owing to the photosensitivity of halogenated fluorescein, great care was taken to protect FITC-labeled UFH from light.
Blood clearance and in vivo anatomical distribution. Blood clearance and anatomical distribution of intravenously administered 125 I-FITC-UFH were determined as described (59) . Briefly, trace amounts of 125 I-FITC-UFH (ϳ0.1 IU/kg) alone, or together with unlabeled UFH in concentrations of 1, 20, and 100 IU/kg in 0.5 ml physiological saline, were injected into a lateral tail vein. Immediately thereafter, blood samples of 25 l were collected from the tail tip into calibrated capillary tubes. The rate of elimination from the circulation was determined by relating the radioactivity measured in all blood samples to the first sample (1 min), which was set to 100%. Anatomical distribution of 125 I-FITC-UFH was assessed 15 min after intravenous administration of 1 IU/kg 125 I-FITC-UFH alone or together with 100 IU/kg of unlabeled UFH. The abdomen was cut open and the liver washed free of blood with 200 ml of physiological saline. The following organs were analyzed for radioactivity: liver, spleen, kidneys, stomach, intestines, urine, heart, eyes, brain, muscle, and blood. The total radioactivity in blood was calculated by using the fact that rats contain 5.75 ml blood per 100 g body wt (13) .
Hepatocellular distribution. At 15 min after intravenous administration of 125 I-FITC-UFH (1 IU/kg), a cannula was inserted into the portal vein and collagenase perfusion and purification of liver cells carried out as described below. The amount of radioactivity per million cells was measured in suspensions of PCs, LSECs, and KCs solubilized in 1% SDS. Cell numbers were assessed by visual counting in a phase-contrast microscope. The uptake per cell was calculated on the basis of the fact that the ratio between the number of KCs, LSECs, and PCs in rat liver is 1:2.5:7.7 (50). The method for determining the hepatocellular distribution of different ligands was previously used by us and by others (46, 59, 61, 70, 71) .
Isolation of PCs, KCs, and LSECs from rat liver. The method for preparation of pure cultures of functionally intact PCs, KCs, and LSECs from a single rat liver has been described elsewhere (62) . In short, the liver was perfused with collagenase, and the resulting single cell suspension was subjected to velocity and density centrifugations in Percoll gradients to produce purified suspensions of PCs and nonparenchymal cells (NPCs). The NPC suspension was a mixture of KCs and LSECs, and essentially devoid of PCs, red blood cells, and debris. The NPC suspension was seeded in 25-cm 2 culture dishes (Nunk, Roskilde, Denmark) coated with BSA treated with 1% glutaraldehyde. Following a 30-min incubation at 37°C, only KCs attached and spread onto the substrate. Unattached cells, mainly LSECs, were transferred to 2-cm 2 culture dishes coated with 0.1% collagen to enable attachment and spreading of these cells. All in vitro experiments were performed on freshly isolated cells, within the first 24 h. Serum is not required for primary cultures of LSECs, as the cells can be maintained only in RPMI 1640 for at least 24 h (63). Moreover, serum was omitted from the culture medium to avoid heparin degradation by serum heparitinase (49) and interactions between heparin and serum proteins.
Fluorescence microscopy of liver. At 15 min following intravenous administration of 200 IU of FITC-UFH in 0.5 ml of physiological saline, the liver was washed free of blood. Small cubes (ϳ0.5 cm 3 ) were randomly cut out of the liver tissue and snap frozen in isopentane in liquid nitrogen. Cryostat sections were fixed with acetone and mounted on coverslips. The specimens were examined with an Axiophot photomicroscope (Carl Zeiss, Oberkochen, Germany). Photomicrographs were taken with a Nikon DS 5MC digital camera.
Intracellular transport. Primary cultures of rat LSECs, established on 14-mm-diameter glass coverslips coated with 0.1% collagen, were incubated overnight at 4°C on a rocking platform with 0.2 ml of RPMI 1640 containing 0.1 mg/ml FITC-UFH. After removal of the unbound ligand by washing three times with PBS, bound ligand was chased for 0, 1, 5, 10, 20, 30, 60, and 120 min in fresh, prewarmed culture medium at 37°C. Incubations were terminated by fixation with 4% paraformaldehyde, 0.5% glutaraldehyde in PBS, and embedding in antifade medium consisting of 1 g DABCO (Sigma) in a solution of 5 ml PBS and 5 ml glycerol. The specimens were examined as described above.
Preparation of specimens for electron microscopy examination. Rats were injected with BSA-gold (5-nm diameter) in 0.5 ml physiological saline 10 min before the injection of 200 IU FITC-UFH in 0.5 ml physiological saline. Liver perfusion and isolation of LSECs was performed 30 min after the last injection. Cultures of LSECs (5 ϫ 10 6 ), seeded in 12 cm 2 dishes coated with 0.1% collagen, were incubated for 4 h at 37°C with RPMI 1640 containing 0.1 mg/ml FITC-UFH. Intracellular transport was terminated by washing the cultures with ice-cold PBS to eliminate excess of FITC-UFH, followed by fixation with 4% formaldehyde and 0.5% glutaraldehyde in PBS overnight. After quenching in 0.12% glycine, the cells were gently detached from culture dishes and pelleted in 12% gelatin by a 30-s centrifugation at 12,000 g. The cell pellet was placed in 2.3 M sucrose overnight, mounted on cryo pins, and frozen by immersion in liquid nitrogen.
Immunocytochemistry. Ultrathin sections of frozen pellets of LSECs were obtained by using a Leica EM UC6 ultramicrotome with a Leica FC6 cryochamber (Leica Mikrosysteme, Vienna, Austria) and a Diatome immuno-diamond knife (Diatome, Bile, Switzerland) at Ϫ120°C. The sections were retrieved in a mixture (50:50) of 2.3 mol/l sucrose and methylcellulose (34) and transferred to carbon-coated grids. Immunocytochemical labeling was performed as previously described (17) by using a working dilution of 1:1,500 anti FITC antibody-fish skin gelatin. Antibodies were detected by protein A-gold complexes. Double labeling was performed in a sequential manner, using a fixative block (1% glutaraldehyde in water) as described (57) . The sections were dried and examined in a JEM 1010 transmission electron microscope (JEOL) operating at 80 kV, and micrographs were obtained with a Morada 11 Mega pixel camera.
Endocytosis experiments. Primary cultures of LSECs established in 2-cm 2 dishes coated with 0.1% collagen were incubated for 2 h at 37°C with 0.2 ml RPMI 1640 containing trace amounts of 125 I-FITC-UFH (ϳ0.005 IU; 25 ng) alone (control), or together with excess amounts of unlabeled UFH, FITC-UFH, FSA, HA, AGE-BSA, CS-A, CS-C, Ac-LDL, FITC-BSA, COLLA, MANN, and AGG (0.1 mg/ml). For the experiments using the antibody to Stabilin2, cultures of LSECs were incubated for 30 min at 37°C with 0.2 ml RPMI 1640 containing 0.1 mg/ml anti-rS2, followed by 2-h incubation with trace amounts of 125 I-FITC-UFH. Experiments were terminated by collecting the supernatant along with one washing volume of 0.5 ml PBS. Cell-associated 125 I-FITC-UFH (sum of surface-bound ligand and endocytosed ligand) was quantified by measuring the amount of label solubilized in 1% SDS. Serum has been shown to be a rich source of proteins and other molecules that can inhibit the uptake via the scavenger receptors in LSECs (20) . Therefore serum was omitted from the medium. On the basis of the knowledge that endocytosis represents the most important physiological function of LSECs, we used endocytosis of 125 I-FSA each time an in vitro experiment was performed to test the integrity and the functionality of the cells (14) .
Statistical analysis. The statistical analyses were performed with the SPSS statistical package for Windows version 14.0 (SPSS, Chicago, Ill). The GLM for analysis of variance was used to assess dosage effects. Differences in hepatocellular distribution were performed by an unpaired Student's t-test. Statistical analysis of the half-life data was performed using Graph Pad Prism 4. Differences were considered to be statistically significant if two-sided P values were less than 0.05. Results represent three separate experiments if not otherwise stated. Results are expressed as means Ϯ SD.
RESULTS
Blood clearance and anatomical and hepatocellular distribution. Elimination of heparin from the circulation was investigated by injecting trace amounts of 125 I-FITC-UFH (0.1 IU/kg) through the tail vein of rats (Fig. 1) . The kinetics of clearance followed a monoexponential decay curve with a half-life of 1.71 min. To determine whether the 125 I-FITC-UFH clearance was specific, increasing doses of unlabeled UFH were administered along with the radiolabeled tracer. The results showed that unlabeled UFH competed with 125 I-FITC-UFH for clearance in a dose-dependent manner. Doses of 1, 20, and 100 IU/kg of unlabeled UFH resulted in plasma half-lives of 125 I-FITC-UFH of 3.23, 7.37, and 16.28 min, respectively (P Ͻ 0.001). Approximately 18% of the recovered radioactivity was still present in the blood circulation 15 min after administration of trace amounts of 125 I-FITC-UFH and stayed at a constant level for at least 1 h (not shown).
To investigate the anatomical distribution of 125 I-FITC-UFH, various organs were surgically removed and radioactivity was measured 15 min after intravenous administration of radiolabeled ligand into a lateral tail vein. Approximately 71% of the recovered radioactivity was found in the liver, 16% was found in the blood, and the rest (13%) was evenly distributed as minor amounts in other tissues and organs (Fig. 2) .
Fluorescence microscopy. Fluorescence microscopy of random liver sections taken from tissue cubes fixed 15 min after intravenous administration of FITC-UFH revealed that the fluorescence accumulated only in cells lining the liver sinusoids, whereas no fluorescence was found in PCs or central vein endothelial cells (Fig. 3) .
The observation that FITC-UFH was taken up by the liver prompted us to investigate the distribution of radiolabeled FITC-UFH in the different cell populations of the liver. The liver cells were isolated 15 min after intravenous administration of 125 I-FITC-UFH (1 IU/kg), and the radioactivity per million cells in the different cell populations was measured. On the basis of relative distribution of cells in the rat liver (50), it could be calculated that the relative uptake capacity per cell was 15:3.6:1 for LSEC, PC, and KC, respectively. A similar hepatocellular distribution was found when an excess amount of unlabeled UFH (100 IU/kg) was injected along with the radiolabeled FITC-UFH (Fig. 4) .
Intracellular transport. To study the intracellular transport of heparin, 0.1 mg/ml of FITC-UFH was incubated with primary cultures of LSECs overnight at 4°C to allow binding to receptors expressed at the cell surface. The cultures were then washed to remove unbound ligand, and transferred to 37°C to allow internalization and intracellular transport. Figure 5 shows the dynamics of intracellular transport of endocytosed FITC-UFH at 37°C. After binding at 4°C overnight, the FITC-UFH was diffusely located over the entire cell surface. After 10 min of subsequent chase at 37°C, the diffuse surface staining was changed to a pointlike pattern, located in the periphery of the cells and in the perinuclear area. The punctuate staining grew in size to form ring structures that appeared brighter after 30 min of chase. After 60 min the ring structures changed to become smaller in size and more perinuclearly located. The concentration of the probe continued to render these perinuclear small vesicles even brighter after 120 min of chase.
Ultrastructural studies. To determine the ultrastructural aspects of the late phase of intracellular transport of endocytosed FITC-UFH in LSECs, a known marker for the lysosomal compartment, BSA-gold (27, 52) , was administered intravenously in rats 10 min before the administration of FITC-UFH. At 30 min after injection of the probes LSECs were isolated and prepared for immunoelectron microscopy. The presence of FITC was probed with anti-FITC-protein A gold (10 nm) complexes. Colocalization of FITC (10 nm gold) with the lysosomal marker BSA-gold (5 nm) strongly suggested that FITC-UFH was present in lysosomes (Fig. 6 ). As a negative control, BSA-gold was injected alone into rats. This procedure gave exactly the same localization of this lysosomal marker as when it was administered along with FITC-UFH (results not shown).
Specificity of endocytosis.
The specificity of endocytosis of FITC-UFH in primary cultures of LSECs was studied by attempting to inhibit the uptake of 125 I-FITC-UFH, using excess amounts (0.1 mg/ml) of FITC-UFH, native, unlabeled UFH, and other ligands known to be taken up by the scavenger receptors in LSECs (Fig. 7) . The presence of FITC-UFH and native UFH inhibited the uptake of 125 I-FITC-UFH by 94 and 93%, respectively. So far, three specific receptors for endocytosis have been identified and characterized on LSECs, i.e., the HA/scavenger receptor (Stabilin2), the mannose/collagen ␣-chain receptor (MANN/COLLA-R), and the Fc-␥ receptor (36, 38, 40, 44) . Because heparin has the highest negative charge density of any known biological macromolecules (9), we speculated that heparin would be recognized by the scavenger receptor, which is a group of different endocytosis receptors with only one feature in common, namely the ability to take up negatively charged macromolecules (58) . To settle this question, competition studies for endocytosis of 125 I-FITC-UFH were carried out, using FSA, HA, AGE-BSA, Ac-LDL, CS-A, and CS-C (6, 16, 33, 43, 60, 66) . The results (Fig. 7) show that these ligands only slightly inhibited the uptake of 125 I-FITC-UFH, with HA as the most potent inhibitor (23%). Moreover, the antibody to Stabilin2, the receptor protein responsible for the endocytic clearance of HA and CS from lymph fluid and blood (25, 78) , did not inhibit the uptake of 125 I-FITC-UFH by LSECs. The observation that FITC-BSA did not inhibit the uptake of 125 I-FITC-UFH suggests that the FITC adduct proper did not mediate the binding of FITC-UHF to LSECs. As negative controls we used MANN, COLLA, and AGG, ligands known to be taken up by the MANN/COLLA-R, and the Fc-␥ receptor in LSECs. No inhibition was observed by any of these three ligands.
DISCUSSION
Our findings provide evidence for a major role of LSECs in the elimination of heparin. Even though the liver has been recognized as a major organ responsible for elimination of heparin, the precise mechanism by which heparin is eliminated from the circulation is largely unknown. Most studies on distribution of heparin in liver performed in vitro using fractionated heparin report that the KCs and the PCs are the main cells for uptake (19, 48, 74, 76) , whereas only two studies indicated uptake in LSECs as well (28, 51) . LSECs are an important site for elimination of a variety of circulating physiological and nonphysiological soluble macromolecules. The cells perform their scavenger function by receptor-mediated endocytosis (54, 64) . Against this background, we decided to study the elimination of blood-borne heparin using both in vivo and in vitro experimental models and to determine the role of LSECs in the elimination of UFH. We found a dose-dependent increase in serum half-life; ϳ70% of recovered 125 I-FITC-UFH was found in the liver. Fluorescence microscopy of liver sections following in vivo administration of FITC-UFH showed accumulation of the probe exclusively in cells lining the liver sinusoids. Liver cell separation showed that the radioactivity was mainly found in LSECs. Pulse-chase studies in primary cultures of LSECs showed accumulation of the probe in large, densely stained vesicles in the perinuclear region. With time, the probe colocalized with a marker of the lysosomal compartment, as assessed by electron microscopy. Endocytosis studies in cultured LSECs showed that the uptake of 125 I-FITC-UFH was inhibited by surplus amounts of unlabeled UFH, whereas other ligands for the scavenger receptors inhibited the uptake only modestly.
Most previous studies have used iodinated (3, 65) or tritiumlabeled heparin (11, 73, 77) for metabolic studies of heparin and assessment of organ distribution by autoradiography and recovered radioactivity in isolated organs. However, FITClabeled UFH has also been shown to be suitable for studying heparin distribution and metabolism (11) . In our study, we decided to use FITC-labeled UFH given a number of advantages with this complex. FITC-UFH, which is prepared by a simple one-step "mix-and-incubate" step, is easy to label with 125 I, resulting in a stable radiolabeled complex with high specific radioactivity, allowing metabolic studies and organ distribution to be determined by simple measurement of gamma-radiation in isolated tissues and cells. Since FITC is trapped intralysosomally after internalization of FITC-conjugated ligand in the target cells, it can be traced by fluorescence microscopy, and it may also be detected by gold-labeled anti-FITC antibodies at the electron microscopic level (27) . An objection to FITC-labeling is the potential effect on the physiochemical properties of heparin, and thereby its pharmacokinetic properties. However, several observations in our study provide evidence against such an objection. First, the anticoagulant activities of UFH and FITC-UFH, as measured by its anti-Xa activity, were the same. Second, circulatory elimination of trace amounts of 125 I-FITC-UFH was competitively inhibited by increasing concentrations of unlabeled UFH, as shown by an increased serum half-life. Third, endocytosis of 125 I-FITC-UFH in primary cultures of LSECs was almost completely inhibited by unlabeled UFH and FITC-UFH, providing further evidence for a specific and identical site for binding and internalization of native UFH and FITC-UFH. Fourth, the dose-dependent elimination of 125 I-FITC-UFH in our study was similar to that reported by 125 I-UFH in a rabbit model (7) .
Previous studies have shown that intravenously administered heparin attached to vascular endothelium (39) . This binding was assumed to contribute significantly to the rapid phase of the UFH clearance. This assumption was further supported by experimental studies on vascular endothelial cells , and Kupffer cells (KCs) were isolated. The amount of radioactivity per million cells was measured in suspensions of PCs, LSECs, and KCs solubilized in 1% SDS. Cell numbers were assessed by visual counting in a phase-contrast microscope. The uptake per cell was calculated based on the knowledge that the ratio between the number of KCs, LSECs, and PCs in rat liver is 1:2.5:7.7 (50) . Bars are means Ϯ SD for 3 separate experiments. Fig. 5 . Morphological pulse-chase study on intracellular transport of endocytosed FITC-UFH. Cultures of LSECs were pulsed overnight with FITC-UFH (0.1 mg/ml) at 4°C. Chasing was performed after removal of unbound ligand by washing with PBS and transferring the cultures to 37°C. The cultures were fixed with 4% formaldehyde-0.5% glutaraldehyde in PBS after chase periods of 0, 10, 30, 60, and 120 min as indicated and examined by fluorescence microscopy. At chase start the probe was diffusely distributed over the cell surface. After 10 min the probe was concentrated in vesicles of varying size and location. The endocytic vesicles containing the probe grew in size until 30 min, at which time they reached their maximal size. Note that the probe appears only along the peripheral aspects of the larger vesicles (arrows), giving them a ringlike appearance. After 60 min and up to 120 min, the probe is concentrated in smaller, evenly stained perinuclear vesicles. Scale bar, 10 m.
in vitro, showing a slow binding to saturable and specific binding sites at the endothelial surface. Moreover, the capacity for internalization of heparin was reported to be very low in these cells (2, 4, 72) . In our study, fluorescence microscopy of liver sections fixed 15 min after administration of FITC-UFH in vivo showed no fluorescence in vascular endothelium lining the central vein, whereas strong staining was observed along the cells lining the liver sinusoids. Our findings thus indicate that the vascular endothelium in the liver appears not to contribute much to the binding of UFH.
In agreement with previous studies (12, 35) , we found that intravenously administered UFH accumulated mainly in the liver. Studies in primary cultures of KCs and PCs from rats reported a specific binding and uptake of fractionated heparin of low molecular weight (7,000 Da) and high molecular weight (20,000 Da) (74, 76) . To our knowledge, the uptake of unfractionated heparin by LSECs was mentioned in two studies (28, 51) . Only one of these (51) reported a relative LSEC-PC-KC uptake capacity per cell of 3.6:2.4:1 after injection of ϳ300 IU/kg 35 S-labeled heparin. In our study, the relative LSEC-PC-KC uptake capacity per cell was 15:3.6:1 after injection of 125 I-FITC-UFH. The differences between the studies may be due to the different methods used for liver perfusion and purification of the LSECs. The protocol used by us for LSECs isolation and purification is mild and rapid (with most steps at 4°C) and interferes minimally with the integrity of the cells. Moreover, the marker adduct FITC, carried into the cell after endocytosis of FITC-UFH, is trapped in lysosomes of the target cells. As 125 I is attached to FITC molecules, the radioactivity taken up in the cells remains trapped inside the cells during isolation, purification, and cultivation of the cells. In the study mentioned above (51), 30 min after the injection of 35 S-heparin, the LSECs were isolated by means of selective enzymatic destruction of PCs, by mincing the liver in pronase for 60 min at 37°C. The use of pronase could trigger rupture of LSECs cellular membrane and thus release of the radioactivity. The time period used between killing the animal and preparing the LSECs (2 h) and the physiological temperature (37°C) used during LSEC preparation, in addition to the 30 min in vivo exposure of the animal to the injected heparin, could also lead to desulfation and/or degradation of the 35 S-heparin, leading to the release of the 35 S-label from LSECs. This could thus give the impression of reduced heparin uptake by LSECs. In our study, the relative distribution of heparin in liver cells was similar with administration of low (1 IU/kg) or high (100 IU/kg) heparin doses, suggesting that LSECs have a high capacity for removing UFH from the circulation.
To preserve as many as possible of the in vivo features of the cells, it is essential that they can be used for experiments soon after the start of the isolation procedure, and that they can be kept in culture for longer periods without losing their viability. Therefore we used primary cultures of LSECs for all in vitro studies.
The following observations suggest that heparin is removed from the circulation by receptor-mediated uptake in LSECs. First, removal of 125 I-FITC-UFH from the circulation was inhibited by excess amounts of unlabeled UFH. This finding indicates an actual competition for a specific binding site with limited capacity. Second, studies in primary cultures of LSECs showed that the uptake of 125 I-FITC-UFH was inhibited efficiently by excessive amounts of unlabeled UFH and FITC- UFH, whereas only a minor inhibition was observed by other ligands for receptor-mediated endocytosis. HA was found to have the highest inhibitory effect (23%). Previously, similar inhibition of 125 I-HA uptake by heparin was reported in cultured rat LSECs (25) , and the authors suggested that the receptor for endocytosis of HA present in LSECs did not recognize heparin. The inability of heparin to inhibit the uptake of HA (and vice versa) has also been reported in vivo (18) . The fact that the HA receptor [HARE; also called Stabilin2 and FEEL-2 (24)], does not recognize UFH was confirmed by our study when we showed that the antibody to Stabilin2 had no inhibitory effect on the endocytosis of 125 I-FITC-UFH by LSECs. However, the receptor for HA may only partially recognize UFH, since HA inhibited the uptake of UFH by only 23%. Third, morphological pulse chase studies in vitro using FITC-labeled UFH revealed accumulation of the probe in intracellular vesicles, suggesting that the ligand was internalized by primary cultures of LSECs. These studies showed subsequent transport of FITC-UFH to two distinct intracellular compartments, with circular doughnut shapes appearing after 10 min, changing to perinuclear vesicles over the next 2 h. Similar structures were previously described during internalization of NH 2 -terminal propeptide of type I procollagen (PINP) and denatured collagen in rat LSECs (26, 46) , ligands shown to be removed from the blood circulation by LSECs by receptor-mediated endocytosis. Fourth, simultaneous intravenous administration of FITC-UFH and BSA-gold particles followed by LSECs isolation and examination of ultrathin cryosections labeled with anti-FITC antibodies showed colocalization of the probe with the BSA-gold particles in the lysosomes. These observations suggest that internalized UFH travels through the endocytic compartments of LSECs, with final accumulation in lysosomes.
It is well known that UFH has the ability to bind to a number of plasma proteins due to the interactions between the negatively charged sulfate groups of UFH and basic amino acid residues of the proteins (10) . We believe that this could explain why 18% of the recovered 125 I-FITC-UFH was still present in the blood 1 h after injection. Therefore it is reasonable to assume that heparin-protein complexes formed in the circulation may affect the protein elimination. Heparin is known to exert its anticoagulant activity by forming heparin-antithrombin complexes that accelerate antithrombin-mediated inhibition of its target proteases (i.e., factor Xa and thrombin) (8) , and, by mobilizing tissue factor pathway inhibitor (TFPI) from vascular endothelium into the circulation, forming heparin-TFPI complexes (69) . Prolonged infusion of intravenous UFH is known to promote a pronounced decrease in circulating antithrombin (21, 41) and TFPI (22) accompanied by an increase in thrombotic events immediately after discontinuation of heparin infusion (68) . The decrease in plasma antithrombin during continuous UFH treatment has been proposed to occur due to increased elimination of heparin-antithrombin complexes exceeding the rate of synthesis in the liver (21, 67) . The latter assumption is supported by studies showing that patients with liver cirrhosis did not have the expected decrease in plasma antithrombin during heparin elimination (67) . Furthermore, later studies reported increased synthesis and release of TFPI in vascular endothelial cells by UFH (23, 37) , supporting the concept that increased elimination of heparin-TFPI complexes in the liver is the underlying mechanism for depletion of intravascular TFPI during heparin treatment.
In conclusion, our experimental studies in vivo and in vitro provide strong evidence that LSECs are the principal site for binding and uptake of UFH. Receptor-ligand competition studies, along with the use of specific anti-receptor antibodies, showed that the receptor for endocytosis of heparin in LSECs is distinct from the HA/scavenger receptor (Stabilin2). Formation of heparin-protein complexes during heparin treatment may have important clinical implications by affecting the elimination of the proteins. Further studies are warranted to elucidate the specific mechanism for binding and uptake of heparin in these cells, as well as identification and characterization of the heparin binding protein responsible for the heparin recognition and internalization in LSECs.
